AD-A243  270 


OFFICE  OF  NAVAL  RESEARCH 
Grant  No.  N00014-90-J-1263 

RCT  Project  4133002 - 05 

Technical  Report  #10 


AN  INVESTIGATION  OF  UNDERPOTENTIALLY  DEPOSITED 
THALLIUM  ON  SILVER  (111)  BY  IN-SITD  SURFACE  X-RAY  SCATTERING 


by 


Joseph  G.  Gordon*,  Michael  F.  Toney*,  Mahesh  G.  Samant, 

Gary  L.  Borges*,  Owen  R.  Melroy*,  Dennis  Yee*  and  Larry  B.  Sorensen** 


ft 


Prepared  for  Publication  in  the 
Physical  Reviews  B 

4 


*IBM  Research  Division,  Almaden  Research  Center,  650  Harry  Road 

San  Josd,  California  95120-6099 


**Depart]iient  of  Physics  FM-15,  University  of  Washington 
Seattle,  Washington  98195 


Reproduction  in  whole  or  in  part  is  permitted 
for  any  purpose  of  the  United  States  Government 


*This  document  has  been  approved  for  public  release 
and  sale;  its  distribution  is  unlimited 


*This  statement  should  also  appear  in  Item  10  of  Document  Control 
Data  -  DD  Form  1473.  Copies  of  form  available  from  cognizant 
-contract  administrator. 


• 


Best  Available  Copy 


91  1209  077 


91-17393 


DI CUIER  NOTICE 


THIS  DOCUMENT  IS  BEST 
QUALITY  AVAILABLE.  THE  COPY 
FURNISHED  TO  DTIC  CONTAINED 
A  SIGNIFICANT  NUMBER  OF 
PAGES  WHICH  DO  NOT 
REPRODUCE  LEGIBLY. 


'Is.  REPORT  SECURITY  CUiSSiPiCAT'ON 

2a.  SECURITY  CUSSIFICATION  AUTHORITY 

2b.  DECLASSIFICATION  /  OOWNGRAOING  SCHEDULE 

4.  PERFORMING  ORGANIZATION  REPORT  NUM8ER(S) 

Technical  Report  #10 

6a.  N.AME  OF  PERFORMING  ORGANIZATION 

6b,  OFFICE  SVMBOL 

Physics  Department 

University  of  Puerto  Rico 

(If  ipplicible) 

6c.  ADDRESS  {City,  Sure,  ind  ZIP  Code) 

Rio  Piedras 

Puerto  Rico  00931-3343 

8a.  NAME  OP  PUNOING /SPONSORING 

8b.  OFFICE  SYMBOL 

ORGANIZATION  chemi  stry 

(If  ippliceble) 

Office  of  Naval  Research 

Code  472 

a<.  ADDRESS  (O'ty,  Sute.end  ZIP  Code) 

• 

Arl ington 

Virginia  22217-5000 

REPORT  OpCUMENTATION  PAfiE 


0  ^eSTSlCTlve  via«k:.vgs 


J  OiSTRlBl/TION/ availability  Or  REPORT 


S,  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 


Tb  AOORESS(C(fy,  SUt*.  ind  ZlPCodt) 


RCT  Project  4133002—05 


10  SOURCE  OP  PUNOiNG  NUMBERS 


PROGRAM 


PROJECT 

TASK 

NO. 

NO 

WORK  UNIT 
ACCESSION  NO 


1 1 .  TITLE  (Intlud*  Stturity  CUuifiution) . 

An  Investigation  of  Underpotential ly  Deposited  Thallium  on  Silver  (111)  By  In-Situ  ^ 
Surface  X-Ray  Scattering  ? 


12.  personal  AyTHOR{S) 

J.G.  Gordon,  M.F.  Toney,  M.G,  Samant,  G.L.  Borges,  O'.R.  Melroy,  0.  Yee  and  L.B.  Sorensen 


13*.  TYPE  OP  REPORT 

Summary 


13b.  TIME  COVEREO 
PROM _  TO 


14  DATE  OP  REPORT  {Ytir.  Month,  0»y)  |lS,  PAGE  COUNT 

11-09-91  , 


16.  SUPPLEMENTARY  NOTATION 


COSATI  COOES 


GROUP  5U8-GROUO 


18  SU8.ECT  'ERMS  Continut  on  rtv*rs»  if  nt^tssiry  »nd  idtntify  by  block  numbtf) 


19  ABSTRACT  {Cantinut  an  revf'se  if  ntctiury  ind  idtntify  by  bloc*  -’jinbe') 

Using  in-situ  surface  x-ray  scattering,  we  have  investigated 
the  atomic  structure,  the  stability,  and  the  dependence  of  the 
structure  on  electrode  potential  for  electrochemically  deposited 
T1  monolayers  and  bilayers  on  Ag(lll) .  The  layers  were  fozined  by 
undexpotential  deposition  (UPD)  at  electrode  potentials  positive 
of  the  reversible  potential  for  bulk  T1  deposition.  At  potentials 
between  -475  and  -680  mV  (vs.  Ag/AgCl) ,  the  T1  deposit  fo3nns  an 
incommensurate,  hexagonal  two  dimensional  (2D)  monolayer  that  is 
compressed  relative  to  bulk  T1  by  1.4-3. 0%  and  rotated  from  the  Ag 
&r011  direction  by  n  -  4-5*.  The  stmicture  of  the  monolayer  does 
not  change  over  at  least  24  hours  (the  longest  we  waited) .  From 
diffraction  scans  of  the  T1  Bragg  rods,  we  find  that  the  in-plane 


20  OlSTRlBUTION/AVAILABiLsTY  OP  abstract  2’  ABSTRACT  SECURITY  CLASSiriCATION 

[H'JNCLASSIPIEO'UNLIMITEO  □  SAME  AS  RPT  □  .Sc=>S 
22s  .NAME  OP  RESPONSIBLE-  NOiViOUAL  22b  TELEPHONE  (/nc/uds  ArtiCodf)  I  22c.  OPP.CE  SYMBOL 

Robert  J.  Nowak  (202)  696-44 

DO  FORM  1473, 84  MAR  33  a?r  eo  tioi' se -sec ^«-'d.,stea  SECURITY  CLASSIP’CAT.o.n  qp  t.i-is  saGE 

A<1  ec*:  cs  j's  onsc 


UNCLASSIFIED _ 

secjwnr  CLAAtincAnow  or  thii  rAotpri..  c«««  Sn*»r^ 


and  vertical  root-mean-square  displacement  amplitudes  are  0.36  ± 
0.05  A  and  0.46  ±  0.1  A,  respectively.  The  monolayer  structure  is 
the  same  as  that  of  vapor  deposited  Tl/Ag(lll) ,  and  this  shows  that 
the  interaction  between  the  solvent  molecules  and  the  T1  adatoms 
does  not  influence  the  monolayer-  structure.  Since  the  monolayer 
has  a  structure  that  is  about  the  same  as  the  closest  packed  planes 
of  bulk  Tl,  we  deduce  that  the  adatom-adatom  interactions  are  the 
most  important  structure  determining  forces.  The  compression  of 
the  monolayer  (compared  to  bulk  Tl)  is  explained  in  terms  of 
effective  medium  theory.  With  decreasing  electrode  potential,  the 
in-plane  spacing  between  Tl  adatoms  decreases  and  this  permits  a 
calculation  of  the  2D  compressibility.  This  decreases  with  atomic 
spacing  but  has  an  average  value  &k2.  =  1.54  ±  0.10A2/eV,  which  is 
similar  to  previously  measured  compressibilities  of  UPD  monolayers 
and  is  in  reasonable  agreement  with  theoretical  estimates.  The 
rotation  angle  n  depends  on  electrode  potential  and  adatom  spacing, 
but  irreversibly  decreases  with  potential  cycling  (which  is 
possibly  due  to  the  adsorption  of  trace  impurities) .  Despite  this 
irreversibility,  the  dependence  of  D  on  adatom  spacing 

qualitatively  agrees  with  theory.  We  have  investigated  the 

structure  of  monolayers  where  the  deposition  potential  is  reached . 
in  either  an  anodic  or  cathodic  scan  and  found  these  structures  to ! 
be  identical.  This  shows  that  the  monolayer  is  in  thermodynamic 
equilibrium  and  that  the  finite  width  and  offset  of  the  peaks  in 
the  deposition  curves  are  due  to  kinetics,  the  influence  of 
adsorbed  anions,  and/or  substrate  heterogeneity.  At  potentials 
between  the  monolayer  region  and  bulk  deposition,  Tl  forms  a 

bilayer  and  this  also  has  a  hexagonal  structure  that  is 
incommensurate  with  the  Ag(lll)  substrate.  In  the  bilayer,  the 
compression  is  1.0%  (compared  to  bulk  Tl)  and  the  rotation  from  the 

Ag&rOll  direction  is  3.9*;  these  are  both  less  than  in  the 

monolayer. 


UNCLASSIFIED _ 

JtCU><ITY  CUA^^CATIOM  0/  THU  PACtf»?i«i  Df  eiif»rW5 


AN  INVESTIGATION  OF  UNDERPOTENTIALLY  DEPOSITED  THALLIUivI 
ON  SILVER  (Til)  BY  IN-SITU  SURFACE  X-RAY  SCATTERING 


Joseph  G.  Gordon 
Michael  F.  Toney 
Mahesh  G.  vSafnant 
Gary  I..  Borges 
Owen  R.  Melroy 
Dennis  Yee* 

I.an7  B.  Sorensen* 

IBM  Research  Division 
Almaclen  Research  Center 
6S0  Harry  Road 
San  Jose,  CA  95120 

*Departnient  of  Physics  FM-15 
University  of  Washington 
Seattle,  WA  98195 


Aco««<ii««  ?«r  / 

MiG  TAB  □ 

Justirioatloo _ 


- 

Dl3trlbutl»o/ 

Avallubllitr  Codes 
jAveii  a»d/or. 
iDiat  I  Kpeaial  S 


W\ 


Abstract 


Using  in-situ  surface  x-ray  scattering,  we  have  investigated  the  atomic  structure,  the 
stability,  and  the  dependence  of  the  structure  on  electrode  potential  for  eicctrochemically 
deposited  TI  monolayers  and  hilayers  on  Ag(<'ll  I).  The  layers  were  formed  by  underpo- 
tential  deposition  (UPD)  at  electrode  potentials  positive  of  tlic  reversible  potential  for 
bulk  'fl  deposition.  At  potentials  between  -475  and  -08t)  mV  (vs.  Ag/Ag('l).  the  Tl  de¬ 
posit  forms  an  incommensurate,  hexagonal  two  dimensional  (3D)  monolayer  that  is 
compressed  relative  to  bulk  Tl  by  1.4-3.0%  and  rotated  linm  the  Ag  &rOI  I  direction  by 
£2  =  4-5°.  The  .structure  of  the  monolayer  does  not  change  over  at  least  24  hours  (the 
longest  we  waited).  From  diffraction  .scans  of  the  Tl  Bragg  rods,  we  llnd  that  the  in¬ 
plane  and  vertical  root-mcan-squarc  displacement  amplitudes  arc  0..3()+0.()5A  and 
0.4()+0.1  A,  respectively.  The  monolayer  .structure  is  the  s;ime  as  that  of  vapor  deposited 
Tl/Ag(lll),  and  this  shows  that  the  interaction  between  the  solvent  molecules  and  the 
Tl  adatoms  docs  not  influence  the  monolayer  struct\irc.  .Since  the  monolayer  has  a 
structure  that  is  about  the  same  as  the  closest  packed  planes  oflnilk  TI.  we  deduce  that 
the  adatom-adatom  interactions  arc  the  most  important  striictnre  determining  forces. 
The  compression  of  the  monolayer  (compared  to  bulk  TI)  is  explained  in  terms  of  effec¬ 
tive  medium  theory.  With  decreasing  electrode  potential,  the  in-plane  spacing  between 
Tl  adatoms  decreases  and  this  permits  a  calculation  of  the  2D  ctnnprcssibility.  This  de¬ 
creases  with  atomic  spacing  but  has  an  average  value  &k2. -  i..‘'44;0.I0A^/eV,  which  is 
similar  to  previously  measured  compressibilities  of  I 'PD  monolayer  and  is  in  reasonable 
agreement  with  theoretical  estimates.  The  rotation  angle  £2  depends  on  electrode  po¬ 
tential  and  adatom  spacing,  but  irreversibly  decreases  with  potential  cycling  (which  is 
possibly  due  to  the  adsorption  of  trace  impurities).  Despite  this  irreversibility,  the  dc- 


pcndencc  of  Q  on  adatom  spacing  qualitatively  agree*;  witii  theory.  We  have  inve.sti- 
gated  the  .structure  of  monolayers  where  the  deposition  potential  is  reached  in  either  an 
anodic  or  cathodic  scan  and  Ibund  thc.se  structure.s  to  be  identical.  This  shows  that  the 
monolayer  is  in  thermodynamic  equilibrium  and  that  the  finite  width  and  offset  of  the 
peaks  in  the  deposition-curves  arc  due  to  kinetics,  the  influence  of  adsorbed  anions,  and 
/or  substrate  heterogeneity.  At  potentials  between  the  monolayer  region  arid  bulk  de¬ 
position,  T1  forms  a  bilaycr  and  this  also  has  a  hexagonal  structure  that  is 
inconimcn.suraTc  with  the  Ag(lll)  sub.stratc.  In  the  bilaycr.  the  compression  is  1.0% 
(compared  to  bulk  Tl)  and  the  rotation  from  the  Ag  t^rOll  direction  is  3.9'’;  thc.se  arc 
both  less  than  in  the  monolayer. 
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1.  IntroductiV^ 

Underpotential  deposition  (UPD)  is  the  elcctr'^chcmical  adsorption  of  one  or  more  .-retal 
layers  onto -a- foreign  metal  substrate  at  electrode'  potentials  positive  of  the  reversible 
potential  for  bulk  deposition.  The  phenomenon  of  UPD  has  been  intensely  investigated 
over  the  last  25  years  using  polycrystalline  substrates,’’  ^  but  in  recent  years,  there  has 
been  an  emphasis  on  single  crystal  substrates.  The  chemical  and  electronic  properties 
of  UPD  layers  on  such  electrodes  have  been  explored  with  a  variety  of  in-situ  and  ex-situ 
techniques.  Because  the  use  of  an  ex-situ  technique  necessitates  emersion  of  the 
electrode,  which  may  modify  the  properties  of  the  adsorbed  layer,  an  in-situ  experimental 
probe  is  desirable.  In-situ  studies  of  the  electronic  and  chemical  properties  have  been 
successfully  conducted,  but  direct  determination  of  the  atomic  structure  has  proven  elu¬ 
sive.  This  is  largely  because  standard  .surface-structural  techniques  (low-energy  electron 
difiraction  (LliED),  reflection  high-energy  electron  diffraction  (RlinFiD),  ion  .scattering, 
etc.)  rely  on  probes  that  cannot  penetrate  the  liquid  layer  above  an  electrode.  In  con¬ 
trast,  surface  x-ray  scattering^’  ^  and  absorption  spectroscopy^’  **  are  ideally  suited  for 
studies  of  such  buried  interfaces  and  substantial  progress  has  been  made  recently  in  de¬ 
termining,  in-situ,  the  atomic  structure  of  .solid-liquid  interfaces,  in  general,  and  UPD 

•  3  17 

layers;  in  particular. 

In  this  paper  we  describe  our  results  for  UPD  TI  on  Ag(  111).  This  system  has  been 
previously  inve.stigated  by  electrochemical”^'^'^  and  in-situ  optical^^'^*’  methods,  and 
based  on  the.se  experiments,  surface  .structures  have  been  proposed.  However,  since 
the.se  measurements  only  indirectly  probe  structure,  a  definitive  determination  has  not 
yet  been  made.  Plcischman  and  Mao^^  performed  an  in-situ  x-ray  experiment  of  UPD 
Tl  using  roughened  Ag  electrodes  (to  enhance  the  signal).  However,  it  is  not  clear  that 
their  propo.sed  surface  structure  for  Tl/Ag(l  1 1)  can  adequately  explain  their  data.  (This 
is  described  in  Sec.  VII). 
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We  have  considered  TI/Ag(in)  as  a  prototypical  UPD  system  and  have  done  ex¬ 
tensive  measurements  on  this  system.  Herein,  we  describe  our  results  for  "’he  two- 
dimensional  (2D)  atomic  structure  and  the  thermodynamic  stability  of  the  UPD  layers; 
we  also  describe  the  dependence  of  the  UPD  monolayer  structure  on  electrode  potential 
and  report  a  preliminary  structure  for  the  bilayer  (which  forms  at  potentials  just  positive 
of  bulk  deposition).  The  results  of  the.se  experiments  provide  insight  into  the  structure¬ 
determining  forces  for  UPD  layers  deposited  on  smooth  substrates  and  provide  a  basis 
for  understanding  the  optical  properties  of  these  layers.  ’  ’ 

The  remainder  of  this  paper  is  organized  as  follows.  In  Section  II,  we  outline  the 
experimental  details,  and  in  Section  III,  we  de.scribc  the  UPD  of  T1  on  Ag(l  1 1).  Section 
IV  gives  a  description  of  the  T1  monolayer  including  (a)  our  x-ray  scattering  results,  (b) 
the  atomic  structure  of  the  layer,  (c)  the  important  interactions  that  determine  this 
structure,  and  (d)  an  explanation  of  the  large  compression  of  the  monolayer.  Section  V 
addresses  the  stability  of  the  monolayer  and  presents  data  for  the  structure  of 
monolayers  where  the  deposition  potential  is  reached  in  cither  an  anodic  or  cathodic 
scan.  Section  VI  describes  the  dependence  of  the  monolayer  structure  on  electrode  po¬ 
tential,  particularly  the  near  neighbor  .spacing  (i.c.,  the  compressibility)  and  the  rotation 
angle.  The  T1  bilayer  structure  is  briefly  dc.scribcd  in  Section  VI i  and  the  final  section 
contains  a  summary  and  conclusions. 

II.  Experimental  Aspects 


All  our  experiments  were  performed  in-situ  (in  electrolyte),  under  potential  control,  and 
at  room  temperature.  The  electrochemical  cell  is  essentially  the  same  as  that  used  in  our 
previous  investigations  and  has  been  dc.scribcd  elsewhere  in  detail.  ’  The  only  signif¬ 
icant  difTcrcnce  is  the  addition  of  a  cylindrical  Kapton  cap  that  surrounds  the  electrode 
and  the  polypropylene  film  that  confines  the  electrolyte.  We  flow  N2  or  Ar  gas  through 
this  cap  to  prevent  oxidation  of  the  monolayer  that  would  be  caused  by  diffusion  of  at¬ 
mospheric  O2  through  the  polypropylene  film.  With  this  arrangement,  no  changes  in  the 


.diffraction  pattern  from  the  monolayer  were  observed  over  a^period  of  about  24  hours, 
v/hich  was  pur  longest  observation  time.  The  T1  layers  were  deposited  with  the  cell  "in¬ 
flated"  so  a  relatively  thick  (~lmm)  layer  of  electrolyte  covered  the  Ag(1 1 1)  electrode. 
The  electrolyte  was  then  partially  withdrawn  and  the  surface  diffraction  data  were 
measured  through  the  thin  (;S30/im)  layer  of  electrolyte  that  remained  on  the  electrode. 
When  the  cell  is  "deflated'',  there  is  only  a  small  electrolyte  volume  (~I2/d)  in  contact 
with  the  electrode  and  the  diffusion  length  to  the  substrate  is  long.  Thus,  it  is  likely  that 
only  a  small  amount  of  impurities  adsorb  onto  the  electrode  with  the  cell  deflated. 


The  electrolyte  was  O.IM  Na2S04  containing  2..5mM  TI2SO4  and  was  prepared 
from  Aldrich  ultrapure  reagents  and  "nanopurc"  (Barnstead),  deionized  water.  All  po¬ 
tentials  were  measured  relative  to  the  Ag/AgCl  (31VI  KCI)  reference  electrode  in  the 
diffraction  cell.  The  Nernst  potential  for  bulk  T1  deposition  was  -7l()mV,  The  electrode 
substrates  were  epitaxially  grown  Ag  thin  films  that  arc  vapor  deposited  onto  freshly 
cleaved  mica.  ’  These  films  grow  with  the  (1 1 1)  direction  perpendicular  to  the  substrate 
surface  and  the  epitaxy  of  the  films  is  excellent,  with  an  in-planc  mosaic  spread  of 
=i0.2-0.3‘’.  From  the  radial  width  of  the  surface  peaks,  the  surface  domain  size  is  calcu¬ 
lated  to  be  ^400A. 

X-ray  data  were  obtained  at  the  National  Synchrotron  Light  Source  (NSLS)  beam 
line  X20A.  Most  data  were  collected  in  a  grazing  incidence  geometry  (diO.S’  incidence 
angle),  although  for  the  out-of-planc  measurements,  this  condition  was  relaxed.  An  in¬ 
cident  x-ray  energy  of  9997  eV  (1.240A)  was  selected  using  a  Si(lll)  double  crystal 
monochromator.  Approximately  4  milliradians  (mrad)  of  x-ray  radiation  were  collected 
from  a  bending  magnet  and  focused  onto  the  sample  with  a  torodial  mirror.  This 
produced  a  spot  at  the  .sample  with  vertical  and  horizontal  full-widths  at  half-maximum 
(FWIIM)  of  0.78mm  and  1.72mm.  respectively.  The  incident  beam  intensity  W;.s  moni¬ 
tored  by  a^Nal  .scintillation  detector  viewing  a  Kapton  foil,  and  the  incident  flux  was 
approximately  2wl0"/.‘>cc.  The  diffracted  beam  was  analyzed  with  Imrad  Sollc  .lits  and 
the  intensity  was  measured  with  a  Nal  .scintillation  detector.  The  acceptance  of  the 


difTracted  beam  out  of  the  scattering  plane  was  defined  by  slits  and  was  24  mrad.  Since 
the  diffraction  from  monolayers  is  extended  in  a  direction  perpendicular  to  the  layer,  the 
use  of  a  grazing  incidence  geometry  results  in  a  good  match  between  the  monolayer 
diffraction  and  the  out-of-planc  acceptance.  This  is  the  principal  advantage  of  the 
grazing  incidence  geometry.  The  sample  was  mounted  on  a  iluber  four-circle 
diffractometer  and  all  data  were  obtained  in  the  symmetric  {ci>  =  0)  mode.^^ 

It  is  important  to  note  that  in  contrast  to  many  electrochemical  experiments  (where 
the  data  collection  is  rather  quick),  these  .surface  x-ray  scattering  njeasurements  arc  time 
consuming.  To  obtain  a  typical  diita  .set  at  a  given  potential,  required  at  least  two  hours, 
although  during  experiments  to  test  the  stability  of  the  IJPD  layer,  the  data-collection 
time  was  as  long  as  24  hours. 

III.  Underpotential  Deposition  of  Tl/Ag(in) 

Before  discussing  our  x-ray  measurements,  wc  first  describe  the  IJPD  of  Tl  on  Ag(l  1 1). 
UPD  layers  arc  often  deposited  by  linearly  ramping  the  electrode  potential  in  a  negative 
(or  cathodic)  direction  from  an  initial  potential  that  is  positive  enough  that  no  metal  is 
adsorbed.  Figure  1  shows  the  current  flowing  to  the  Ag  electrode  during  such  a  linear 
potential  ramp  (a  cyclic  voltammogram  or  CV)  for 'I’l  on  Ag(l  1 1).’'"^’  If  the  adsorbing 
ion  is  completely  discharged  (as  for  TUAg(l 1 1)**^)  and  kinetic  clfccts  arc  absent,  the 
current  flow  Is  proportional  to  the  derivative  of  the  adsorption  isotherm.'^”  (See  the  inset 
in  Fig.  1).  When  the  potential  reaches  -700mV  (just  positive  of  the  Nernst  potential  for 
depojjition  of  bulk  Tl),  the  direction  of  the  potential  ramp  is  reversed  (anodic  scan)  and 
the  Tl  layers  are  stripped  (or  desorbed)  from  the  Ag  surface. 

The  predominant  features  in  Fig.  1  arc  two  sets  of  large,  sharp  peaks.  The  first  set 
occurs  at  approximately  -470mV  (240mV  po.sitivc  of  the  Nernst  potential).  The  peak 
with  negative  current  results  from  deposition  of  Tl,  while  the  positive-current  peak  is  due 
to  stripping.  Since  the  charge  associated  with  deposition  (sec  inset  in  Fig.  1)  is  close  to 
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that  expected  for  a  close  packed  monolayer  ofTl,  this. negative-current  peak  has  previ- 
ously  been  attributed  to  the  deposition  ofa.mqnolayer  of  Tl.  ’  ’  Correspondingly, 

the  second  negative-current  peak  in  Fig.  1  is  attributed  to  the  deposition  of  a  second 
layer  of  Tl  on  top  of  the  first,  forming  a  bilaycr.  In  the  potential  range  -.540mV  to 

IQ 

-680mV,,the  Tl  monolayer  has  been  reported  to  be  stable  for  at  least  one  hour.  Our 
results  support  this  and  show  that  in  the  potential  region  between  -680mV  and  -500mV, 
the  Tl  monolayer  is  stable  for  at  least  24  hours  (the  longest  we  waited). 

IV.  Monolayer  Structure  of  Tl/Ag(lll) 

A.  Surface  X-ray  Scattering  Results 

We  will  now  discuss  our  in-situ  x-ray  .scattering  data  for  the  Tl  monolayer.  Figure  2 
shows  the  in-plane  difiraction  pattern  for  the  monolayer  determined  from  our  data  (such 
as  shown  in  Fig.  3).  In  this  diffraction  pattern,  the  normal  to  the  substrate  is  perpen¬ 
dicular  to  the  plane  of  the  paper.  The  diffraction  pattern  results  from  two  domains  of 
Tl,  which  are  oriented  symmetrically  with  respect  to  the  Ag  (21 1)  direction.  Both  do¬ 
mains  were  observed  with  equal  inten.sity  and  one  of  the  domains  is  marked  with  arrows 
in  Fig.  2.  The  diffraction  pattern  is  .similar  to  the  I.IiFD  pattern  that  would  be  observed 
for  Tl/Ag(l  1 1),  if  it  were  possible  to  obtain  I.Rni)  data  in  an  electrolyte. 

Figure  3  shows  radial  and  a^iimuthal  diffraction  scans  of  the  (10)  Bragg  rod  from 
the  Tl  monolayer  at  -.550m V.  In  an  azimuthal  (or  rocking)  scan,  the  diffracted  intensity 
is  measured  along  an  arc  at  a  constant  "cattcring  vector.  Q  =  (4kIX)  sin  0,  while  in  a  ra¬ 
dial  .scan,  the  intensity  is  measured  along  a  radius  at  constant  sample  orientation,  </».  In 
the  radial  scan,  the  intensity  is  plotted  against  Q^,  the  rc  mponent  of  the  .scattering  vector 
parallel  to  the  surface.  These  data  show  good  signal  to  background,  with  peak  count 
rates  of  about  10,000  counts  per  .second  (cp.s)  over  a  background  of  2500  cps.  The 
background  is  mostly  due  to  scattering  from  the  electrolyte.  The  azimuthal  scan  shows 
peaks  at  0  =  ±  4.6°  from  the  two  rotational  domains  of  the  'fl  monolayer.  The 
diffraction  from  the  two  domains  is  the  same  (i.c.,  symmetric  about  0  =  0).  but  each  peak 
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is  asymmetric  and  has  a  long  tail  that  extents  toward  0  =  0.  This  is  caused  by  an  a.sym- 
metric  distribution  of  domains  where  some  domains  have  a  significantly  smaller  rotation 
angle  than  the  average. 


Scans  along  the  T1  Bragg  rods  provide  information  about  the  atomic  correlations 
perpendicular  to  the  surface  and  are  shown  in  Fig.  4  for  the  (10)  and  (11)  Bragg  rods. 
In  these  rod  scans,  the  diffracted  intensity  is  measured  with  held  constant,  while  the 
component  of  the  scattering  vector  perpendicular  to  the  substrate  surface  {Q^  is  varied. 
In  Fig.  2,  this  corresponds  to  measuring  the  intensity  along  a  direction  perpendicular  to 
the  plane  of  the  paper.  The  data  were  obtained  by  measuring  the  peak  intensity  and 
subtracting  the  background  (which  was  obtained  at  aximuthal  angles  ±1.2°  from  the 
peak).  Since  azimuthal  scans  at  different  Q,  .showed  that  the  azimuthal  width  did  not 


depend  on  Q,,  the  peak  intensity  was  used  in  the  analysis  of  the  rod  scans  (rather  than 


the  azimuthally  integrated  intensities).  The  data  in  Fig.  4  have  been  corrected  for  sample 

31 

area,  Lorentz  factor  (cs.sentially  unity  for  our  ca.se  of  measuring  the  peak  intensities  ), 

3!2  * 

the  T1  atomic  form  factor,  and  the  resolution  function. 


The  sample  area  and  resolution  function  corrections  arc  described  in  detail  else¬ 
where.^'  Briefly,  the  sample  area  correction  compensates  for  the  variable  illumination 
of  the  sample  with  incidence  angle  and  was  made  using  the  measured  beam  shape.^'  The 
resolution  function  correction  accounts  for  the  overlap  between  the  surface  .scattering 
and  the  highly  anisotropic  resolution  volume  associated  with  our  scattering 
geometry.^^'  The  anisotropic  resolution  volume  tilts  as  a  .scan  is  made  along  the 
Bragg  rod,  resulting  in  a  decrca.sing  overlap  with  increasing  0,.  To  correct  the  exper¬ 
imental  data  for  this,  we  have  used  the  approach  dc.scribcd  in  Ref.  .tl;  this  requires  a 
knowledge  of  the  in-planc  (^,=s0)  T1  peak  shapes  and  the  width  of  the  resolution  volume 
out  of  the  scattering  plane.  This  width  was  determined  to  be  0. 12A'  and  the  in-planc 
peak  shapes  were  fit  to  I.orentzian-.squared  functions  with  widths  />  =  0.0173A' '  (for  the 
Tl(lO)  rod)  and  h  =  0.02\\A-'  (for  the  (11)  rod).^^ 
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thc.rod  scans  in  Fig.  4  vary  only  slowly  with  Q^.  Thi.*:  behavior  is  precisely  that 
expected  for  the  Bragg  rod  intensity  from  a  2D  monolayer,  where  the  intensity  decreases 
slowly  with  increasing  Q,,  due  the  atomic  form  factor  and  the  Debye-Waller  factor.  The 
intensity  also  decreases  at  small  <2*.  because  of  x-ray  absorption  by  the  electrolyte.  The 
solid  lines  in  Fig.  4  are  best  fits  to  the  data  {x^=  1..15)  with  five  adjustable  parameters: 
Debye-Waller  factors  parallel  and  perpendicular  to  the  surface,  an  overall  scale  factor, 
and  thicknesses  of  the  electrolyte  layer  for  the  (10)  and  (11)  rods.  The  best  fit  yields  an 
in-plane  root-mean-square  (rms)  di.splacement  amplitude  of  <7^  =  0.36  +  0.05//  and  a 
vertical  rms  displacement  amplitude  of  <7,  =  0.46  +  0. 1 //.  In  addition  to  dynamic  disor¬ 
der  (vibrations),  <7,  and  <7,  will  include  static  contributions  from  vertical  buckling  and 
horizontal  displacements,  respectively,  in  the  incommensurate  monolayer;  these  are 
caused  by  the  modulation  induced  by  the  substrate  (sec  Sec.  IV. B).  To  the  fit  the  data 
in  Fig.  4,  we  have  used  different  solution  thicknesses  for  the  (10)  and  (11)  Bragg  rods. 
This  is  bccau.se  the  clips  retaining  the  substrate  result  in  a  nonuniform  thickness  of  the 
electrolyte  layer  above  the  electrode  and  the  (10)  and  (11)  Bragg  rods  are  observed  at 
different  azimuthal  orientations  of  the  .sample  cell  and  hence  different  positions  of  the 
clips  with  re.spect  to  the  incident  and  scattered  x-rays.  The  use  of  one  uniform  thickness 
worsens  the  fit  somewhat  incrca.ses  to  1.7),  but  docs  not  affect  the  values  given  above 
for  the  Debye-Waller  factors. 


B.  Structure  of  the  Monolayer 


The  diffraction  pattern  (Fig.  2)  together  with  out-of-plane  scans  of  the  Bragg  rods  show 
that  the  T1  layer  is  a  2D  incommensurate,  hexagonal  monolayer  in  which  the  adatoms 
are  closely  pav,.  ’d  together.  This  structure  is  almost  the  same  as  that  of  the  close 
packed,  (00.1)  planes  of  bulk  Tl,  but  the  monolayer  is  compressed  compared  to  the  bulk 
metal.  The  monolayer  domains  arc  rotated  about  4-5"  from  the  Ag  [OlT]  direction  and 
Figure  5  shows  two  schematic  rcprc.scntations  of  the  real  space  structure  of  one  domain 
of  Tl  on  Ag(  111).  The  open  circles  rcprc.scnt  atoms  of  the  Ag(  111)  surface  and  have  a 
diameter  proportional  to  their  nearest-neighbor  spacing  (2.8‘iA).  The  shaded  circles 
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represent  the  T1  adatoms  and  have  a  diameter  proportional  to  their  average  nearest- 
neighbor  spacing  <^=3.36  A.  Figure  5(a)  shows  the  average  structure  of  the  T1 
monolayer;  it  ignores  the  subtle  local  modulation  in  near-neighbor  positions  that  results 
because  the  adatoms  tend  to  move  toward  the  lowest  energy  sites  on  the  substrate. 
We  have  previously  determined  this  substrate  induced  spatial  modulation  in  the  T1 
monolayer  by  measuring  the  intensity  changes  along  the  Ag  truncation  rods  when  the 
monolayer  is  deposited,  and  we  find  that  it  has  an  amplitude  of  0.03A.'^  The  structure 
of  the  modulated  monolayer  is  shown  in  Fig.  .5(b).  The  spatial  modulation  appears  as 
local  density  increases  and  decreases  and  these  are  apparent  in  Fig.  5(b)  as  'overlapping' 
adatoms  and  'empty  spaces'  between  adatoms,  respectively.  These  density  changes  in¬ 
crease  the  monolayer  elastic  energy,  but  this  increase  is  more  than  compensated  for  by 
the  decrease  in  the  adsorbate-substrate  interaction  energy  due  to  the  modulation. 


The  FWHM  of  the  radial  scan  shown  in  Fig.  3  is  0.0185  A-'.^^’  This  indicates  that 
the  domain  size  of  the  T1  monolayer  is  about  250A,  which  is  comparable  to  that  ob- 
served  m  our  previous  measurements  of  Pb//\g(l  1 1).  In  this  estimate  of  domain  size, 
we  have  assumed  that  the  peak  broadening  beyond  the  resolution  is  only  caused  by  finite 
domain  size.  This  is  reasonable,  since  the  Tl(  1 1)  peaks  arc  only  .slightly  broader  than  the 
Tl(lO)  peaks  (by  about  20%,  see  Sec.  IV.A),  and  so  the  inhomogeneous  strain  is  small 
~0.3%).  In  addition,  the  domain  size  is  estimated  as  over  the  peak  width 
(FWHM),  since  the  monolayer  peaks  have  an  appro, ximatcly  Lorentzian-.squared  shape. 
However,  thcTI  peak  widths  are  observed  to  increa.se  each  time  the  potential  is  cycled 
and  the  cell  is  inflated.  On  a  'fresh'  Ag(lll)  .substrate,  the  peak  width  is  about  0.015 
A"'  (a  domain  size  of  =i310A),  but  as  the  monolayer  is  stripped  and  redeposited  (inflat¬ 
ing  the  electrochemical  cell  for  each  cycle),  the  monolayer  peak  width  increases  (over 
about  nine  hours)  to  appro.ximately  0.025A  ‘  (a  domain  size  of  :iil85A),  and  then  re¬ 
mains  approximately  constant.  Similarly,  the  mo.saic  spread  of  the  monolayer 
irreversibly-incrcascs  when  the  cell  is  inflated  and  the  potential  is  cycled;  it  starts  at 
about  0.4°  and  increa.scs  to  0.8-0.9°.  This  .shows  that  the  crystalline  quality  of  the  T1 
monolayer  slowly  degrades  each  time  the  cell  is  inflated.  If  the  cell  is  not  inflated,  the 
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radial  width.and  the  mosaic  spread  of  the  monolayer  do  not  increase.  In  addition,  even 
when  the  cell  is  inflated  arid  the  potential  is  cycled,  we  do  not  observe  a  significant  in¬ 
crease  in  the  radial  width  and  mosaic  spread  of  the  surface  diflraction  from  the  Ag 
substrate  (Ag  truncation  .rods);  over  30  hours,  these  both  increase  by  <10%. 

The  monolayer  rotation  angle  Q  also  irreversibly  decreases  with  potential  cycling 
in  a  manner  analogous  to  the  increase  in  the  monolayer  peak  widths.  When  the 
monolayer  is  stripped  and  redeposited  with  the  cell  inflated,  Q.  decreases.  But  if  the  cell 
is  kept  deflated,  Cl  (and  the  domain  size  and  mosaic)  remain  constant.  We  also  observe 
a  dependence  of  £2  on  electrode  potential.  This  and  the  potential  dependence  of  the 
near-neighbor  spacing  are  described  in  Sec.  VI.  We  emphasize  that  the  near-neighbor 
spacing  does  not  show  any  time  dependence. 

It  seems  likely  that  the  same  cause  accounts  for  both  the  loss  in  crystallite  quality 
of  the  monolayer  and  the  irreversible  dccrea.se  of  £2  with  potential  cycling.  We  speculate 
that  this  is  due  to  the  adsorption  of  trace  amounts  of  impurities  (probably  organics) 
when  the  electrochemical  cell  is  inflated  and  the  potential  cycled.  This  hypothesis  is 
consistent  with  our  observation  that  the  peak  widths  of  the  Ag  surface  diflraction  do  not 
change  when  the  cel!  i.s  inflated  and  with  the  ob.scrvation  (for  Kr/Pt(l  11)  in  UllV)  that 
small  quantities  of  adsorbed  impurities  significantly  influence  the  rotation  angle.  In  a 
previous  study  of  Pb/Ag(l  1 1),  we  did  not  ob.scrve  a  dependence  of  the  rotation  angle 
on  near-neighbor  spacing,^’  ’  ^  in  contrast  to  the  dependence  we  observe  here  (see  Sec. 
VI. B).  It  seems  likely  that  this  lack  of  dependence  also  resulted  from  impurity 
adsorption. 

C.  Structure-Determining  Interactions 

The  diffraction  pattern  and  2D  structure  for  the  UPD  monolayer  of  Tl/Ag(l  1 1)  (Figs.  2 
and  5)  arc  es.sentially  identical  to  tho.se  of  vapor  deposited  T1  on  Ag(lll)  near  full  cov- 
erage;^^  however,  the  compression  of  the  monolayer  in  the  111  IV  experiments 
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(1,2±0.6%)  is  slightly  less  than  for  UPD  T1  (1.4-3.0%,  see  Sec.  VILA)  and  the  rotation 
angle  (£2~4.9±0.2  °)  is  slightly  larger.  This  structural  similarity  is  consistent  with  pre¬ 
vious,  work  where  we  have  observed  that  the  2D  structure  of  UPD  and  vapor  deposited 
monolayers  oflPb  on  Ag(ni)  and  Au(lll)  are  identical  near  full  coverage.^’  In 
addition,  it  appears  that  vapor  deposited  Bi/Ag(Ill)  has  the  same  uniaxial 
commensurate,  rectangular  structure  as  UPD  Bi/Ag(IIl),  although  this  is  more  tenta¬ 
tive,  since  it  is  based  on  an  analogy  with  Bi/Au(l  1 1).*^ 

It  is  remarkable  that  the  atomic  structure  of  these  metal  layers  is  essentially 
equivalent  in  these  two  very  different  environments.  This  shows  that  for  the  UPD  of 
these  heavy  metals  (Tl,  Pb,  Bi)  on  these  smooth  (111)  surfaces  (Ag  and  Au),  the  inter¬ 
action  between  the  solvent  molecules  and  the  adatoms  docs  not  influence  the  monolayer 
structure.  Likewise,  the  structure  is  not  significantly  affected  by  interactions  between  the 
adatoms  and  any  anions  adsorbed  on  the  UPD  monolayer.  It  is  important  to  determine 
if  these  conclusions  can  be  generalized  to  other  UPD  systems  and  these  experiments  are 
in  progress. 

Since  we  found  that  the  structure  of  the  UPD  layer  is  not  influenced  by  the  solvent 
molecules,  we  will  now  consider  the  atomic  interactions  that  arc  important  in  determin¬ 
ing  the  structure  of  UPD  (and  vapor  deposited)  Tl/Ag(l  1 1).  The  strongest  interaction 
is  that  between  the  Tl  adatoms  and  the  substrate,  since  this  bond  strength  is  approxi¬ 
mately  equal  to  the  Tl-Tl  bond  strength  plus  the  UPD  .shift.  Because  this  interaction  is 
so  strong,  the  Tl  deposit  forms  a  monolayer  rather  than  bulk  clusters;  however,  this 
interaction  does  not  determine  the  structure  within  the  monolayer.  The  primary  force 
that  determines  this  structure  is  the  adatom-adatom  interaction  and  this  is  deduced  be¬ 
cause  the  monolayer  adopts  a  structure  that  is  almost  the  .same  as  that  found  in  the 
closest  packed  planes  of  bulk  Tl  and  because  the  .system  is  strongly  incommensurate. 
Although  the  adatom-substrate  interaction  is  strong,  the  corrugation  or  spatial  variation 
in  the  adatom-substrate  interaction  is  rather  weak.  It  influences  the  structure  only 
weakly  by  creating  the  local  spatial  modulation  shown  in  Fig.  .‘'(b)  and  discussed  in  Ref. 
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12,  We  have  reached  similar  conclusions  for  UPD  T1  on  AufMl),  Pb  on  Au(l  11)  and 
Ag(lll),  and  Bi  on  Ag(Ill).  To  determine  if  these  conclusions  generalize  to  other 
UPD  systems,  it  is  important  to  investigate  the  structure  of  UPD  layers  on  crystal  faces 
other  than  (ill);  these  experiments  are  in  progress. 

Vapor  deposited  Tl/Ag(l  1 1)  certainly  consists  of  metallic  T1  atoms.  From  this  and 

the  fact  that  the  structure  of  UPD  TI  is  essentially  identical  to  the  vapor  deposited  layer, 

we  conclude  that  the  UPD  monolayer  is  made  up  of  zero  valent  Tl  atoms.  This  con- 

elusion  is  consistent  with  previous  voltammcteric  evidence.  It  is  also  supported  by  the 

reasonable  agreement  between  the  measured  compressibility  and  that  calculated  for  a 

2D  free  electron  gas  model  of  a  metallic  monolayer  (sec  Sec.  VI.A).  Since  the  adsorbed 

layer  is  metallic,  the  substrate-adsorbate  bond  is  likely  covalent,  consistent  with  previous 
.  40-42 

suggestions. 

D,  Compression  of  the  Monolayer 

A  dramatic  feature  of  the  Tl  monolayer  is  its  large  compression  compared  to  bulk  Tl. 
As  described  in  Sec.  VI.A,  this  depends  on  potential,  but  even  at  the  most  positive  po¬ 
tentials,  the  Tl-Tl  near  neighbor  spacing  is  compressed  by  more  than  1.4%,  and  close  to 
the  Nernst  potential,  the  compression  becomes  3.0%.  Note  that  a  similar  compression 
in  bulk  Tl  (3%  change  in  near-neighbor  .spacing)  would  require  a  pressure  of  about 
50,000  atmospheres.  The  UPD  monolayers  of  Pb/Ag(lll)^  and  Pb  and  Tl  on 
Au(l  1 1)  are  also  found  have  similar  comprc.ssions,  The.se  can  all  be  understood  within 
the  framework  of  efTective  medium  thcory.'*"^'**^*  In  this  theory  the  environment  of  an 
atom  is  modeled  as  a  homogeneous  electron  gas  and  the  binding  energy  of  the  atom  in 
this  environment  (e.g.,  in  a  solid  or  at  a  .surface)  is  related  to  the  embedding  energy  of 
the  atom  in  this  homogeneous  electron  gas.  The  density  of  the  electron  gas  is  called  the 
embedding-density  and  is  an  average  of  the  electron  density  from  the  neighboring  atoms 
in  the  system.  Con.scquently,  the  embedding  density  is  a  monotonically  decreasing 
function  of  atomic  spacing. 
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First  consider  a  simple  bulk  solid.  The  binding  energy  of  an  atom  in  this  environ¬ 
ment  is  the  embedding  energy  plus  an  electrostatic  term  that  accounts  for  the  attraction 
between  the  'embedded'  atom  and  the  electron  density  tails  from  neighboring  atoms. 
Both  the  embedding  and  electrostatic  energies  are  functions  of  the  embedding  density. 
Since  this  density  is  related  to  the  atomic  spacing,  the  equilibrium  atomic  spacing  is  de¬ 
termined  by  the  minimum  in  the  binding  energy  as  a  function  of  embedding 
density."^^’ 

Now  consider  a  free  standing  monolayer,  and  notice  that  the  coordination  number 
of  the  atoms  in  this  layer  is  less  than  that  in  the  bulk  solid.  Thus,  if  the  atomic  spacing 
in  the  monolayer  is  the  same  as  in  the  solid,. the  embedding  density  of  the  monolayer  is 
less  than  the  optimum  density  that  gives  the  minimum  binding  energy.  To  reduce  the 
binding  energy,  the  embedding  density  must  increase  closer  to  the  optimum  density.  ; 
This  is  achieved  by  a  contraction  or  compre.s.sion  of  the  atomic  spacing  in  the  monolayer 
(compared  to  the  bulk  solid).  For  the  more  realistic  case  of  an  incommensurate 
monolayer  on  a  substrate,  the  surface  atoms  of  the  substrate  will  contribute  to  the  em¬ 
bedding  density  (i.e.,  they  effectively  increase  the  coordination  number  in  the 
monolayer).  Thus,  the  atomic  spacing  will  be  larger  than  in  a  free  .standing  monolayer 
but  will  still  be  smaller  than  bulk,  since  the  coordination  number  is  still  smaller  than  in 
the  solid.  These  ideas  predict  that  the  near-neighbor  spacing  in  the  bilayer  .should  be 
closer  to  the  bulk  T1  spacing  than  in  monolayer,  since  the  average  coordination  number 
in  the  bilaye;  is  closer  to  that  in  a  solid  (c.g.,  the  first  layer  has  neighbors  above  and 
below  it).  As  shown  in  Sec.  VII,  this  is  prcci.scly  what  is  observed. 

V.  Dependence  of  Monolayer  Structure  on  Anodic  or  Cathodic 
Scan  Direction 

As  can  be  'ken  in  the  CV  ol”!'!  on  Ag(l  1 1)  in  F'ig.  1,  the  current  peaks  for  'dcpo.sition' 
(negative  current)  and  'stripping'  (positive  current)  do  not  occur  at  the  same  potential. 
Furthermore,  these  peaks  are  broadened  with  a  FWIIM  of  2^12  mV.  Both  these  features 
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are  generally  observed  for  UPD  systems  and  have  been  observed. for  scan  rates  as  low 
as  0.2  mV/sec.  It  is  important  to  determine  whether  the  olTsct  between  the  deposition 
and  stripping  peaks  is  caused  by  kinetic  efiects  or  by  actual  structural  dilTcrenccs  in 
layers  when  the  deposition  potential  is  reached  in  an  anodic  (stripping  or  positive  going) 
scan  or  cathodic  (deposition  or  negative  going)  scan.  Thus,  the  monolayer  structure  was 
investigated  for  a  given  potential,  K,  reached  via  anodic  and  cathodic  scans.  For  the 
cathodic  scans,  the  x-ray  scattering  measurements  were  conducted  on  monolayers 
formed  by  sweeping  the  potential  from  -lOOmV  to  the  desired  potential  V.  To  investi¬ 
gate  the  monolayer  structure  for  anodic  scans,  the  potential  was  first  .swept  from  -lOOmV 
to  -650mV,  the  potential  sweep  direction  reversed,  and  then  the  potential  swept  posi¬ 
tively  to  the  final  potential  V,  The  scan  rate  was  always  2mV/scc. 

We  found  that  at  some  potentials  there  were  indications  of  small,  initial  changes  in 
the  po.sition  (^^^0.05%  increase  in  fli)  ^ind  intensity  (^l-.5%  increase)  of  the  monolayer 
diffraction  peak  (which  are  currently  being  investigating).  However,  after  about  30 
minutes,  the  intensity  and  position  of  the  Tl(lO)  diffraction  peak  did  not  change  with 
time  for  as  long  as  we  waited  (24  hour.s).  Moreover,  the  Tl(lO)  peaks  were  the  same  for 
both  the  anodic  and  cathodic  scan  directions.  This  is  shown  in  Fig.  6,  where  radial  and 
azimuthal  diffraction  scans  are  plotted  for  F=-5.50  mV  when  the  final  scan  direction  is 
anodic  (filled  triangles)  and  cathodic  (open  circles).  In  the  diffraction  data,  the  peaks  for 
the  anodic-scan  direction  arc  broader  and  less  intense  than  for  the  cathodic-.scan  direc¬ 
tion.  However,  this  is  just  due  to  the  time  dependent  increase  in  the  peak  widths  men¬ 
tioned  in  Sec.  IV;  the  anodic  data  were  taken  after  the  cathodic  data.  The  important 
result  is  that  the  peak  po.sition  in  the  radial  .scan  (Fig.  dfa))  and  the  integrated  intensities 
are  the  same  for  both  the  anodic  and  cathodic  data.  This  is  also  readily  apparent  in  Fig. 
7,  which  shows  the  peak  positions  and  integrated  intensities  at  F=-.550  mV  for  a  se¬ 
quence  of  anodic  and  cathodic  scan  directions  (denoted  A  and  C,  respectively).  Since 
both  of  thqse  are  the  same,  we  conclude  that  the  monolayer  structure  does  not  depend 
on  whether  the  potential  is  reached  in  an  anodic  or  cathodic  .scan.  This  behavior  has 
also  investigated  at  -500,  -525,  and  -600  mV  with  identical  results  and  conclusions. 
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These  data  show  that  for  potentials  between  -500  mV  and  -600  mV  (and  probably 
lower),  the  monolayer  is  stable  and  is  in  thermodynamic  equilibrium.  This  conclusion' 
is  consistent  with  voltammeteric  and  potential  pulse  experiments'*’  that  show  the 
stripping  characteristics  of  the  monolayer  are  unaffected  by  holding  the  potential  in  this 
region  for  >35  minutes.  Our  data  also  suggest  that  the  large  UPD  peaks  in  the  CV  (Fig. 
1)  are  due  to  the  discharge  of  the  T1  cations  as  they  undergo  a  first-order  phase  transi¬ 
tion  into  the  2D  close-packed,  hexagonal  solid  phase  (sec  Fig.  5)  and  that  the  peaks  are 
not  due  to  continuous  adsorption.'^’  The  widths  of  the  deposition  and  stripping 
peaks  probably  result  from  kinetic  effects,  and/or  heterogeneity^*'’  of  the  Ag(Ul) 
substrate.  The  offset  between  the  deposition  and  stripping  peaks  is  likely  due  to  kinetic 
effects  and/or  the  influence  of  adsorbed  SO/'  anions. 

VI.  Dependence  of  Monolayer  Structure  on  Potential 


In  this  Section,  we  describe  our  x-ray  data  for  the  dependence  of  the  monolayer  structure 
on  electrode  potential.  In  the  potential  range  -500  to  -680  mV  (vs.  Ag/AgCl),  the  T1 
monolayer  has  an  incommensurate  hexagonal  structure  that  is  compres.sed  compared  to 
the  bulk  metal  and  rotated  about  4.5®  from  the  Ag  [Oil]  direction.  In  this,  potential 
region,  the  monolayer  exists  in  this  single  2D  phase,  which  is  stable,  but  between  -680 
mV  and  -710  mV  (i.e.,  the  Nernst  potential),  the  bilayer  is  the  stable  phase  (see  Sec.  VI 1). 
Between  -500  and  -470  mV,  the  issue  of  phase  stability  is  unclear  (see  below)  and  is  the 
subject  of  further  studies.  The  coinprcs.sion  and  rotation  angle  of  the  monolayer  depend 
on  electrode  potential  and  these  are  described  below. 

A.  Near-Neighhor  Spacing  (Coinpressihility) 

Figure  8  shows  radial  .scans  through  the  T1  (10)  Bragg  rod  at  three  dilFcrcnt  electrode 
potentials.  These  show  that  with  decreasing  electrode  potential  the  peak  position  shifts 
to  larger  this  corresponds  to  a  dccrea.so  in  the  near-neighbor  spacing  or  a  com¬ 
pression  of  the  monolayer.  We  have  also  observed  monolayer  compression  with  de¬ 
creasing  electrode  potential  for  Pb/Ag(lll).^  Bi/Ag(l  1 1).*'^  and  T1  an<i  Pb/Au(l  1 1).'*' 
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The  changes  in  intensity  and  peak  width  that  arc  apparent  in  Fig.  8  are  due  to  the 
time-dependent  changes  in  the  monolayer  dilTraction  discussed  in  Sec.  IV.  From  this, 
it  is  evident  that  the  data  at  -575mV  were  taken  first,  the  data  at  -6.50mV  sometime  after 
that,  and  the  data  at  -500mV  last. 

The  compression  of  the  monolayer  with  decreasing  electrode  potential  is  readily 
understood:  The  chemical  potential  of  the  adatoms  in  the  monolayer  increases  as  the 
electrode  potential  decreases,  because  the  potential  drop  across  the  mctal/solution 
interface  becomes  more  negative  (i.e.,  the  driving  force  to  adsorb  ions  from  solution  in¬ 
creases).  Since  the  chemical  potential  of  the  monolayer  has  increased,  the  monolayer 
free  energy  can  be  reduced  by  increasing  the  number  of  I'l  adatoms  on  the  Ag  surface; 
this  directly  leads  to  the  monolayer  compre.ssion.  The  compression  of  UPD  layers  with 
decreasing  potential  is  completely  analogous  to  vacuum  experiments  on  the  equilibrium 
adsorption  of  gases.  There  the  chemical  potential  of  the  adsorbed  layer  is  controlled  by 
the  vapor  pressure  of  the  gas,  and  an  increase  in  the  vapor  pressure  causes  a  com- 

ee 

pression  of  the  adsorbed  monolayer. 

Figure  9  shows  the  dependence  of  the  ncar-ncighhor  di.stancc  a„„  on  electrode  po¬ 
tential.  The  datum  at  -477mV  (the  most  positive  potential)  may  be  due  to  dilTraction 
from  a  metastable  state.  It  was  found  that  the  diffraction  peak  at  this  potential  disap¬ 
peared  slowly  over  about  two  hours,  even  though  the  peak  position  was  constant  after 
a  short  initial  time  (2^15  minute).  This  potential  is  very  close  to  the  potential  where  the 
T1  monolayer  has  been  reported  to  be  unstable,  transforming  into  another  phase  after 
about  30  minutes.  ’  ’  “  We  are  continuing  to  investigate  this  apparently  metastablc 

behavior,  as  well  as  the  nature  of  the  structure  that  forms  at  this  potential.  Since  the 
dependence  of  the  near-neighbor  spacing  on  potential  shows  some  curvature,  the  data 
in  Fig.  9  were  least-squares  fit  to  a  quadratic  function;  the  solid  line  shows  the  best  fit. 
Note  that  the  magnitude  of  the  .slope  in  Fig.  9  decreases  with  more  negative  electrode 
potentials  or  smaller  a„„’,  this  is  explained  below. 
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We  have  previously  demonstrated  that  the  dependence  of  near-neighbor  spacing 
Om  on  electrode  potential  can  be  used  to  determine  the  2D  isothermal  compressibility  of 
the  monolayer,  K2d-^'  We  find  that 


r  JL  V 

^  5CD  V“  V’ 


(1) 


where  O  is  the  2D  spreading  pressure,  a  is  the  atomic  area,  Z  is  the  number  of  electrons 
transferred  per  atom  deposited,  and  V  is  the  electrode  potential.^*  It  is  important 
to  note  that  this  relationship  requires  chemical  and  thermal  equilibrium  between  the 
monolayer  and  the  adsorbing  species.  For  metallic  adsorbates  this  is  readily  achievable 
in  electrochemical  environments  (where  the  adsorbing  species  are  ions  in  solution),  but 
it  is  almost  impossible  to  achieve  chemical  equilibrium  in  vacuum  (where  the  adsorbing 
species  are  free  metal  atoms). 


Using  Eq.  (I)  and  the  derivative  of  the  best-fit  quadratic  function  to  the  data 
(shown  by  the  line  in  Fig.  9),  we  calculate  that  for  Tl/Ag(ll  1)  Kjo'varies  linearly  with 
potential  from  2.2±0.15  AVeV  at  -480  mV  to  0.90  +0.10  AVcV  at  -650  mV.  The  average 
compressibility  is  Kid  -  1.. 54+0. 10  AVcV,  which  is  about  the  same  as  previously  found  for 
Tl/Au(lll),  Bi/Ag(lll),  and  Pb  on  Au(in)  and  Ag(lll).^’  The  dccrca.se  in  the 

compressibility  of  Tl/Ag(IIl)  with  more  negative  electrode  potentials  or  smaller  near 
neighbor  spacing  is  expected;  As  the  atomic  spacing  dccrea.scs,  the  adatom-adatom 
repulsive  force  becomes  increasingly  stronger,  an  ^  this  makes  it  increasingly  difficult  to 
pack  the  adatoms  closer  together.  For  T1  and  Pb  on  Au(lll),  a  similar  decrease  in 
compressibility  is  ob.scrved  as  the  potential  becomes  negative. 


For  mo.st  bulk  metals  the  comprc.ssibility  is  dominated  by  the  electron 
compressibility,^^’  and  hence,  a  similar  domination  is  expected  for  metal  monolayers. 
Using  a  2D  free  electron  gas  model  of  the  compressibility we  estimate 
K2o=0.44  A^/eV.  This  is  in  reasonable  agreement  with  our  experiment;  in  fact,  the 
agreement  is  as  good  as  that  found  for  a  three  dimensional  free  electron  gas  and  bulk 


TI.  It  would  be  interesting  to  see  if  a  more  realistic  value  of  kj/?  could  be, predicted  vvith 
a  more  sophisticated  model  of  Tl  on  Agfll !),  such  as  an  embedded-atom  inodcl.^^ 

B.  Rotation  Angle 


The  rotation  angle  is  also  dependent  on  electrode  potential,  but  this  behavior  can  not 
be  accurately  quantified,  because  of  the  irreversible  decrease  in  £2  with  potential  cycling 
discussed  in  Sec.  IV.  However,  the  qualitative  behavior  can  be  determined.  This  is 
shown  in  Fig.  10,  where  £2  is  plotted  as  a  function  of  potential  for  two  Ag(lll) 
substrates.  The  lines  and  arrows  show  how  the  potential  was  changed.  For  each  po¬ 
tential  the  electrochemical  cell  was  inflated  and  one  or  more  complete  potential  cycles 
conducted  (e.g.,  the  potential  was  swept  positively  to  -lOOmV  and  then  negatively  to  the 
new  potential).  These  data  show  the  irreversible  decrease  in  £2  with  cycling  described  in 
Sec.  IV,  and  show  that  for  the  monolayer,  £2  increases  with  increasing  potential  (de¬ 
creasing  near-neighbor  spacing).  From  Fig.  10,  a  slope  of  dQldV  =  1.4  ±  0.6  deg/V  is 
estimated. 


Novaco  and  McTague  (NM)  have  developed  a  model  to  dc.scribe  the  dependence 
of  the  rotation  angle  on  the  near-neighbor  spacing.’*'^'  The  rotation  results  because 
it  allows  the  adatoms  to  sit  clo.ser  to  the  low  energy  sites  of  the  substrate  (i.e.,  .see  Fig. 
5(b))  and  because  it  takes  less  energy  to  create  a  shear  wave  than  a  compressive  wave. 
The  NM  model  explains  the  dependence  of  rotation  angle  on  near-neighbor  spacing  for 
incommensurate  monolayers  of  inert  ga.ses  physically  adsorbed  on  graphite*’^  and  on 
metals^^  and  for  incommensurate  monolayers  of  alkali  atoms  chemisorbed  on 
metals^^’  and  on  graphite.^'*  It  is  u.seful  to  compare  the  NM  model  to  our  data,  since 
such  a  comparison  has  not  been  made  for  metallic  ovcrlayers  on  hexagonal  substrates, 
and  since  in  none  of  the  previous  observations  has  the  monolayer  structure  been  close 
to  a  commensurate  (Ixl)  structure  on  a  hexagonal  substrate.  However,  a  word  of  cau¬ 
tion  is  in  order:  it  is  not  clear  that  all  the  assumptions  of  the  NM  model  arc  .satisfied 
for  Tl/Ag(l  1 1)  (see  Ref.  12  for  a  di.scu.ssion).  Nor  arc  our  data  good  enough  to  expect 


18 


quantitative  agreement  with  the  model,  because  of  the  irreversible  decrease  of  Q  with 
potential  cycling  (see  Sec.  IV). 

In  the  model, the  monolayer  longitudinal  and  transverse  sound  velocities 
(ci,  and  Cr,  respectively)  are  important  parameters.  Unfortunately,  these  arc  unknown 
for  Tl/Ag(lll).  In  Ref.  12,  we  estimated  these  quantities  by  modeling  the  monolayer 
as  a  thin  plate  of  bulk  T1  with  the  (00.1)  direction  normal  to  the  plate;  this  model  and 
the  bulk  elastic  constants  were  then  used  to  calculate  the  in-planc  values  of  Young's 
modulus  and  Poisson's  ratio,  '  and  from  these,  ct  and  c.t  were  calculated.  A-e  found 
=  (ci,/cr)^  -  I=i2.75.  Because  of  the  uncertainty  of  our  as.sumptions,  the  error  in  this 
estimate  is  unclear,  but  we  (conservatively)  expect  that  tj  falls  between  about  2  (the  value 
for  a  2D  Cauchy  solid)  and  about  3.5.  This  uncertainty  is  large  enough  that  one  should 
not  anticipate  quantitative  agreement  between  our  data  and  the  absolute  rotation  angles  I 
calculated  with  the  NM  model.  In  view  of  this  and  the  cautions  noted  in  the  previous 
paragraph,  the  best  to  be  expected  is  qualitative  agreement,  and  indeed,  this  is  observed. 
For  2<r]<3.5  and  for  our  observed  range  of  near  neighbor  spacing  {a„„-  3.38  -  3.33  A), 
the  NM  model  gives  Q  ~  4.3  -  6.3°.  Figure  10  shows  that  for  the  T1  monolayer, 
i2~4.2-4.7°. 


The  derivative  of  the  rotation  angle  with  respect  to  the  near-neighbor  distance, 
dQldam,  depends  less  sensitively  on  than  the  absolute  rotation  angle.  Furthermore,  the 
NM  model  predicts  that  dQlda„„  should  be  e.s.scntially  constant  over  our  measured  range 
of  near-neighbor  spacing.  Thus,  it  is  also  u.scful  to  compare  a  calculation  of  dQ.lda„„  to 
the  data.  Figure  10  .shows  dQldV  =  1. 4+0.6  deg/V,  and  since  the  average  slope  in  Fig. 
9  is  da„„ldV  =  0.27  A/V,  we  find  dillda„r,  =  5.3±2.3  dcg/.A.  With  the  NM  model,  the 
slope  is  calculated  as  dSllda,„  =  7.6,  10.0,  and  11.3  deg/A.  for  >i  =  2,  2.75,  3.5.  respec¬ 
tively.  Thus,  the  derivative  predicted  with  the  N.M  model  is  also  in  reasonable  qualita¬ 
tive  agreerhent  with  our  data. 
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Our  data  for  the  dependence  of  the  rotation  angle  on  near-neighbor  spacing  agrees 
qualitatively  (indeed,  almost  semi-quantitatively)  with  the  NM  model,  which  is  the  most 
to  be  expected,  considering  all  the  uncertainties.  This  is  significant  because  there  have 
been  no  tests  of  the  NM  model  for  metallic  adsorbed  layers  or  for  overlayers  on 
hexagonal  substrates  where  the  structure  is  close  to  a  (1x1)  commensurate  lattice.  A 
better  test  will  require  obtaining  a  better  value  for  and  understanding  and  eliminating 
the  cause  of  the  irreversible  decrease  of  Q.  (presumably,  adsorption  of  trace  levels  of  or¬ 
ganics,  see  Sec.  IV.B). 

VII.  Bilayer  Structure  for  Tl/Ag(lll) 

Two  layers  of  T1  (a  bilayer)  can  be  deposited  by  UPD  on  Ag(lll),  but  not  on 
Au(lll).'’  ’  To  understand  this  dificrence,  it  is  first  important  to  determine  the  ? 
structure  of  the  bilayer  phase.  This  structure  is  also  of  interest  in  its  own  right,  since  the 
two  T1  layers  may  be  either  mutually  commensurate  or  incommensurate.  Our  ex¬ 
periments  are  described  in  detail  in  a  separate  publication,  where  vve  report  measure¬ 
ments  of  the  intensities  along  the  T1  (10)  and  (II)  Bragg  rods  of  the  bilaycr.^^  For 
completeness,  the  results  of  these  measurements  arc  briefly  described  here.  We  find  that 
the  second  T1  layer  is  commensurate  with  the  layer  beneath  it  and  the  second  layer  at¬ 
oms  are  positioned  in  the  three-fold  hollow  sites  of  the  bottom  T1  layer.  The  spacing 
between  the  layers  is  about  2.85  A,  0.1  A  larger  than  for  bulk  Tl,  and  there  is  more  dis¬ 
order  in  the  Wlayer  phase  than  in  the  monolayer.  Although  the  Tl  layers  in  the  bilayer 
are  mutually  commensurate,  the  entire  bilayer  structure  is  incommensurate  with  the 
Ag(lll)  substrate.  The  near-neighbor  spacing  in  the  bilaycr  is  3.397  A.  which  is  signif¬ 
icantly  larger  and  closer  to  bulk  Tl  than  in  the  monolayer  (see  Fig.  9).  .Since  the  average 
coordination  nuniber  in  the  bilaycr  is  larger  than  in  the  monolayer,  this  is  just  what  is 
expected  from  cfrcctivc-medium  theory  (.sec  Sec.  IV.D). 

The  rotation  angle  £2  for  the  bilaycr  is  about  3.9®,  which  is  smaller  than  that  for  the 
monolayer,  even  though  is  larger  (.sec  Figs.  9  and  10).  Thus,  the  rotation  angle  of  the 
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bilayer  breaks  the  trend  observed  in  the  monolayer:  on  going  from  the  monolayer  to  the 
bilayer,  dQjda^  is  negative,  \vhich  is  opposite  to  that  observed  for  the  monolayer  and 
that  suggested  by  the  NM  model.^*’  This  probably  results  because  there  is  a  large 
difference  in  the  elastic  constants  (and  hence  the  sound  velocities)  between  the  bilayer 
and  monolayer,  or  perhaps,  because  anharmonic  interactions  are  more  important  in  the 
bilayer  (the  NM  model  assumes  harmonic  interactions  between  adatoms). 


At  electrode  potentials  where  the  bilayer  phase  exists  (see  Fig.  1),  wc  observe 
diffraction  peaks  from  both  the  bilayer  and  a  phase  with  a  more  compressed  structure. 
The  near-neighbor  spacing  for  the  compressed  phase  is  about  3.33  A  (see  Fig.  9).  This 
spacing  is  consistent  with  an  extrapolation  of  the  near-neighbor  spacings  in  the 
monolayer  phase.  It  is  found  that  the  intensity  of  the  peak  from  the  compressed  phase 
decreases  with  time  (several  hours).  This  suggests  that  the  compressed  phase  is  a 
metastable  monolayer  phase,  and  that  at  these  potentials,  there  is  transient  coexistence 
between  this  mctastable  monolayer  and  the  stable  bilayer  phase.  The  changes  with  time 
are  then  due  to  the  kinetics  of  a  monolayer-to-bilayer  phase  transformation. 

Fleischmann  and  Mao  have  also  u.sed  in  situ  x-ray  diffraction  to  study  TI  bilayers 
deposited  on  roughened  Ag  electrodes.  A  modulation  technique  vva.';  used;  data  were 
taken  at  a  potential  where  the  layer  was  not  adsorbed  on  the  electrode  and  were  sub¬ 
tracted  from  data  taken  at  a  potential  where  the  Tl  bilaycr  was  adsorbed.  The  major 
feature  observed  by  Fleischmann  and  Mao  was  an  enhancement  of  the  Ag(lll) 
diffraction  peak,  which  they  attributed  to  the  presence  of  a  Tl  (II)  surface  diffraction 
peak  at  the  same  position  as  the  Ag(1 1 1)  dilfraction  peak.  This  feature  was  interpreted 
as  resulting  from  a  comniensurate  first  (or  bottom)  layer  of  Tl  on  the  (11 1)  facets  of  the 
roughened  Ag  electrode.  1  lowcvcr,  such  a  structure  will  not  produce  Tl(  1 1)  peaks  at  the 
Ag(lll)  positions  and  also  requires  an  unreasonably  largo  compression  in  the  firsn  layer 
(19%).  Two  less  defined  features  were  also  observed^^  and  were  attributed  to  dlHraction 
from  a  top  layer  with  an  oblique  lattice  that  is  incommensurate  with  the  bolt  im  layer. 
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The  structure  for  the  T1  bilayer  that  was  proposed  by  Fleischmann  and  iMao^^  does 
not  explain  their  data  and  disagrees  with  our  results.  Here  we  propose  an  alternative 
explanation  of  their  data.  The  enhancement  of  the  Ag(lll)  peak  probably  results  be¬ 
cause  the  Ag(lll)  t/-spacing  (2.36A)  is  comparable  to  the  spacing  between  the  top  and 
bottom  T1  layers  (c^l.SSA)  and  the  spacing  between  the  bottom  T1  layer  and  the  Ag 
surface  Thus,  the  deposition  of  the  T1  bilayer  elTcctivcly  increases  the  thickness 

of  the  Ag(lll)  crystallites  and  this  results  in  an  increase  in  the  diffracted  intensity  near 
the  Ag(l  II)  peak.  A  similar  effect  has  been  observed  for  Ar  and  N2  physically  adsorbed 
on  Grafoil  (a  graphite  powder).^^’  The  more  poorly  defined  features  observed  by 
Fleischmann  and  Mao^^  correspond  to  </-spacings  of  2.57  and  2.89  A.  These  arc  close 
to  the  bulk  T1  (101)  and  T1  bilayer  (10)  rf-spacings  (2.63  and  2.94  A,  respectively),  and 
we  speculate  that  these  observed  features  arc  due  to  diffraction  from  bulk  T1  and  the 
bilayer. 

VIIL  Summary  and  Conclusions 


In-situ  surface  x-ray  scattering  has  been  used  to  investigate  UPD  layers  of  T1  on 
Ag(lll).  We  have  considered  this  to  be  a  prototypical  UPD  system  and  have  investi¬ 
gated  it  in  some  detail  with  interesting  and  important  results.  In  this  paper  we  have 
described  the  atomic  structure,  the  thermodynamic  stability,  and  the  dependence  of  the 
structure  on  electrode  potential.  Between  potentials  of  -475  and  -680  n.V  (vs. 
Ag/AgCl),  the  T1  deposit  forms  an  incommensurate,  hexagonal  monolayer  that  is  com¬ 
pressed  relative  to  bulk  T1  by  1.4-3.0%  and  rotated  from  the  Ag  [Oil]  direction  by 
^  =  4-5”.  At  -550  mV,  the  in-planc  and  vertical  root-mcan-square  displacement  ampli¬ 
tudes  of  the  monolayer  are  0.36+0.05  A  and  0.46+0.1  A,  respectively.  The  equivalence 
of  the  atomic  structure  for  UPD  and  vapor  deposited'^*^  'ri/Ag(lll)  suggests  that  the 
UPD  layer  consists  of  zero  valent  T1  adatoms,  which  agrees  with  electrochemical 
voltammetcric  evidence.  Furthermore,  this  equivalence  shows  that  the  solvent-adatom 
interactions  do  not  influence  the  monolayer  structure,  fhat  the  monolayer  structure  is 
about  the  same  as  the  closest  packed  planes  of  the  bulk  Tl  indicates  the  adatom-adatom 
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interactions  are  the  primary  forces  determining  the  structure  for  this  UPD  system.  The 

monolayer  structure  is  only  weakly  influenced  by  adatom-substrate  interactions,  which 

1  ^ 

create  the  local  spatial  modulation  of  the  adatom  positions. 

The  compression  of  the  monolayer  (compared  to  bulk  Tl)  is  explained  in  terms  of 
effective  medium  theory.'^^*'*^  In  the  TI  monolayer,  the  coordination  is  less  than  in  bulk 
Tl,  and  hence  if  the  atomic  spacing  in  the  monolayer  is  the  same  as  in  bulk,  the  electron 
density  in  the  monolayer  will  be  less  than  the  optimum  density.  For  the  electron  density 
to  increase  closer  to  the  optimum  density,  the  monolayer  must  contract  or  compress 
compared  to  the  bulk  solid.  These  ideas  also  explain  why  the  near-neighbor  spacing  in 
the  bilayer  is  closer  to  the  bulk  Tl  spacing  than  in  the  monolayer. 

Between  -500  and  -680  mV.  the  monolayer  is  stable  for  at  least  24  hours  (our 
longest  observation  time),  and  the  monolayer  structure  does  not  depend  on  whether  the 
potential  is  reached  in  an  anodic  (.stripping)  or  cathodic  (deposition)  scan.  This  shows 
that  the  monolayer  is  in  thermodynamic  equilibrium  and  that  the  offset  and  observed 
width  of  the  peaks  in  the  cyclic  voltammograms  arc  due  to  kinetics,  the  influence  of 
adsorbed  anions,  and/or  .substrate  heterogeneity.  These  observations  also  indicate  that 
the  large  UPD  peaks  arc  due  to  a  fir.st-ordcr  phase  transition  into  the  close-packed 
hexagonal,  2D  solid  phase. 

The  in-planc  spacing  between  Tl  adatoms  decreases  with  decreasing  electrode  po¬ 
tential.  This  results  because  a  dccrca.'ic  in  the  electrode  potential  corresponds  to  an  in¬ 
crease  in  the  monolayer  chemical  potential,  which  favors  the  adsorption  of  more  Tl  to 
minimize  the  free  energy.  From  our  data,  the  2D  compressibility  {k2d)  of  the  Tl 
monolayer  can  be  calculated,  since  the  monolayer  is  in  chemical  equilibrium  with  the 
adsorbing  species.  We  find  that  K2d  varies  from  2.2+0.15  (at  -480  mV)  to  0.90+0.10 
A^/eV  (at  -650  mV)  and  has  an  average  value  of  K-jn=  1.54+0.  lOAVcV.  This  is  similar 
to  previously  measured  compressibilities  of  UPD  rnonolaycr.s^'  and  is  in  reasonable 
agreement  with  theoretical  estimates  u.sing  a  2D  free  electron  gas  model  (0.44  AVcV). 


The  totation.  angle  Q  depends  on  the  electrode  potential  and  adatom  spacing,  but 
irreversibly  decreases  with  potential  cycling,  and  we  speculate  that  this  is  due  to  the 
adsorption  of  trace  impurities.  Despite  this  irreversibility,  the  dependence  of  Q  on 
adatom  spacing  qualitatively  agrees  with  Novaco-McTague  model. 

Between  -680  mV  and  -710  mV  (the  bulk  deposition  potential),  the  T1  deposit  forms 
a  bilayer  with  an  incommensurate,  hexagonal  structure.  For  the  bilaycr,  the  com¬ 
pression  (compared  to  bulk  Tl)  and  rotation  (from  Ag  [Oil])  are  1.0%  and  3.9°,  re- 
spectively,  and  are  less  than  for  the  monolayer. 
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Figure  Captions 

Figure  1.  Cyclic  voltammogram  (CV,  or  current  vs  voltage  scan)  for  the  deposition  of 
TI  on  Ag(Ili)-in  2.5x10'^  M  TI2SO4  and  O.fM  Na2S04.  The  potentials  were  measured 
relative  to  Ag/AgCl  (3M  KCl)  and  the  Nernst  potential  for  bulk  deposition  was  -710mV. 
The  arrows  indicate  the  scan  directions  and  the  scan  rate  was  2  mV/s.  The  inset  shows 
the  adsorption  isotherm,  which  is  the  integral  of  the  current  in  the  cyclic  voltammogram. 
This  is  the  charge,  Q  ,  that  flows  into  the  electrode  during  Tl  deposition.  There  is  a 
background  current  due  to  processes  that  do  not  involve  deposition  of  Tl.  This  back¬ 
ground  current  was  estimated  by  a  linear  current  that  passes  through  the  cyclic 
voltammogram  at  V=-600  and  -180mV.  It  has  been  subtracted  from  the  data  in  the 
calculation  of  Q  . 

Figure  2.  In-plane  X-ray  diffraction  pattern  {Qi^O)  for  a  monolayer  of  Tl  on 
Ag(l  1 1).  The  center  of  the  pattern  is  illustrated  with  a  plus,  the  Ag  reflections  with  open 
circles,  and  the  Tl  reflections  with  filled  circles.  There  are  two  observed  domains,  ori¬ 
ented  ±4.6®  from  the  Ag  substrate. 

Figure  3.  X-ray  diffraction  from ’ll  on  Ag(ll  1)  fora  deposition  potential  of -550m  V 
(vs.  Ag/AgCl).  (a)  A  radial  scan  of  the  Tl  (10)  Bragg  rod.  In  this  scan  the  magnitude 
of  the  scattering  vector  Q  =  |^|  was  varied,  but  the  azimuthal  angle  was  fixed  at 
0  =  4.6®.  The  azimuthal  angle  is  the  angle  between  0  and  the  Ag  (21 1)  direction,  (b) 
An  azimuthal  angle  scan  of  the  Tl  (10)  Bragg  rod  at  fixed  (7||=  2.16A  '.  In  both  scans, 
the  component  of  the  scattering  vector  perpendicular  to  the  substrate  surface  is  2^  =  0. 15 

A-'. 

Figure  4.  Rod  scans  of  the  Tl(IO)  and  Tl  (11)  Bragg  rods  (circles  and  triangles,  re¬ 
spectively)  for  a  layer  deposited  at  -600  mV  (vs.  Ag/Ag(il).  I'hc  data  arc  the  measured 
peak  intensities  after  subtracting  off  the  background  and  have  been  corrected  for  sample 
area,  Lorentz  factor,  Tl  atomic  form  factor,  and  resolution  function,  ‘fhe  solid  lines  arc 
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the  best  fits  to  the  data  with  <t,  =  0.36  ±  0.05//,  =  0.46  ±0AA,  and  solution  thick¬ 

nesses  of  21/im  and  lO/xm  for  the  (10)  and  (11)  rods,  rc.spcctivelj'. 


Figure  SrSchematic  real-space  representation  of  one  domain  of  monolayer  T1  on 
Ag(Il  I).  The  rotation  angle  between  the  Ag  and  T1  lattices  is  £2  =  4.5°  and  the  average 
near-neighbor  spacing  of  the  T1  monolayer  is  3.36  A.  The  open  eirclcs  represent  atoms 
in  the  Ag(lll)  surface  and  the  shaded  circles  represent  the  T1  atoms;  the  lower  leftmost 
adatom  is  arbitrarily  positioned  above  an  Ag  atom,  (a)  The  (hypothetical)  unmodulated 
or  average  structure,  (b)  The  modulated  monolayer.  The  adatoms  positions  arc  calcu¬ 
lated  as  described  in  Ref.  12. 

Figure  6.  Diffraction  scans  for  T1  monolayers  where  the  deposition  potential  of 
-550  mV  (vs  Ag/AgCl)  is  reached  in  an  anodic  or  cathodic  scan  (filled  triangles  and  open 
circles,  respectively).  Note  that  the  diffracted  intensity  has  been  normalized  to  the 
monitor  count  rate  and  that  2,  =  0.15  A-',  (a)  Radial  .scans  of  the  T1  (10)  Bragg  rod  at 
the.  peak  in  the  azimuthal  scans  (0  =  4.45°  and  4.6°  for  the  anodic  and  cathodic  data, 
respectively),  (b)  Azimuthal  scans  of  the  T1  (10)  Bragg  rod  at  Q,=  2.159A‘'. 


Figure  7.  The  peak  positions  (open  circles  and  left-hand  .scale)  and  integrated  in¬ 
tensities  (filled  triangles  and  right-hand  scale)  for  T1  monolayers  where  the  electrode 
potential  is  lf=-550  mV  (vs  Ag/AgCl)  and  is  reached  in  anodic  or  cathodic  scans  (de¬ 
noted  A  and  C,  respectively).  The  integrated  intensities  arc  from  azimuthal  scans  and 
are  In  arbitrary  units.  They  have  been  corrected  for  the  increase  in  radial  width  with 
potential  cycling  (see  Sec.  IV).  This  was  done  by  multiplication  of  the  intensities  in  the 
azimuthal  .scans  by  the  measured  radial  width.  The  errors  for  the  peak  positions  arc  the 
size  of  the  data  points. 

Figure  8.  Radial  scans  of  the  Tl(  10)  peak  at  (a)  -.500  mV,  (b)  -57.5  mV.  and  (c)  -650 
mV.  These  show  that  the  peak  position  shifts  to  larger  <2a  with  decreasing  potential. 
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The  data- at -575my  were  taken  first,  the  data  at  -650mV  sometime,  after  that,  and  the 
data  at  -500  mViast. 

Figure  9.  Dependence  of  the  TI  layer  near-neighbor  distance  on  the  electrode  po¬ 
tential,  V  (vs  Ag/AgCl).  The  triangle  is  for  the  bilayer,  whereas  the  filled  circle  is  for  the 
metastable  monolayer  phase  that  coexists  with  the  bilayer  (sec  Sec.  VII).  Except  for  this 
datum,  the  errors  are  the  size  of  the  data  points.  The  data  are  plotted  as  a  function  of 
decreasing  potential,  since  a  change  in  chemical  potential  of  the  monolayer  is  propor¬ 
tional  to  the  negative  of  the  change  in  electrode  potential.  The  line  is  the  least-squares 
fit  of  a  quadratic  (a„,  =  Cj  +  Cj  F  +  Q)  to  the  data  with  the  result 
Cq  =  3.7101,  C,  =  9.959xI0■^  and  =  6.471x10"’.  (a„„  is  in  A  and  F  is  in  mV).  The 
arrow  marks  the  'average'  near-neighbor  spacing  for  bulk  Tl.  Since  bulk  Tl  is  hexagonal 
close  packed  (hep),  there  are  two  'near-neighbor'  spacings  that  are  almost  the  same. 
The  average  spacing  (3.432  A)  was  calculated  by  setting  the  volume  of  the  hep  unit  cell 
for  Tl  equal  to  the  volume  of  a  (hypothetical)  face  centered  cubic  cell,  which  has  a 
unique  near-neighbor  spacing. 

Figure  10.  Dependence  of  rotation  angle  on  electrode  potential  F  (vs  Ag/AgCl). 
The  lines  and  associated  arrows  show  the  order  in  which  the  data  were  taken.  The  open 
circles  are  for  the  monolayer,  whereas  the  filled  circle  is  for  the  bilaycr.  Data  from  two 
Ag(lll)  substrates  are  shown  ((a)  and  (b),  respectively). 
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